Abstract-In retinal bipolar neurons, synaptic ribbons mark the presence of exocytotic active zones in the synaptic terminal. It is unknown, however, where compensatory vesicle retrieval is localized in this cell type and by what mechanism(s) excess membrane is recaptured. To determine whether endocytosis is localized or diffuse in mouse bipolar neurons, we imaged FM4-64 to track vesicles in cells whose synaptic ribbons were tagged with a fluorescent peptide. In synaptic terminals, vesicle retrieval occurred at discrete sites that were spatially consistent over multiple stimuli, indicative of endocytotic "hot spots." Retrieval sites were spatially correlated with fluorescently labeled synaptic ribbons. Electron microscopy (EM) analysis of bipolar cell terminals after photoconversion of internalized FM dye revealed that almost all of the dye was contained within vesicles ϳ30 nm in diameter. Clathrin-coated vesicles were observed budding from the plasma membrane and within the cytosol, and application of dynasore, a dynamin inhibitor, arrested membrane retrieval just after the budding stage. We conclude that synaptic vesicles in the fine branches of mouse bipolar axon terminals are retrieved locally near active zones, at least in part via a clathrin-mediated pathway.
To conserve the readily releasable pool of vesicles in a presynaptic terminal, vesicle membrane inserted during exocytosis must be retrieved by compensatory endocytosis and then recycled to active zones as newly generated synaptic vesicles (Schweizer and Ryan, 2006; Dittman and Ryan, in press ). Ribbon-type synapses in retina and inner ear, which are specialized for rapid and sustained exocytosis, might require specialized mechanisms of membrane retrieval to keep pace. Indeed, images from electron microscopy (EM) indicated that membrane recovery at ribbon synapses of goldfish bipolar neurons and frog saccular hair cells involves bulk endocytosis, where large endosomes pinch off from the plasma membrane and then produce synaptic vesicles (Lenzi et al., 2002; Paillart et al., 2003; Holt et al., 2003; LoGiudice and Matthews, 2007) . This would be consistent with specialization of the endocytosis phase to match the high exocytotic load-quite different from the standard pathway of clathrin-mediated retrieval of single fused vesicles at conventional, non-ribbon synapses. The fish bipolar and frog hair cell showed little evidence for the canonical clathrin-mediated mechanism even though components of this pathway, including clathrin and dynamin, are expressed in some ribbon-containing neurons (Ullrich and Südhof, 1994; von Kriegstein et al., 1999; Sherry and Heidelberger, 2005) .
But the goldfish bipolar neurons and frog hair cells were originally chosen for study because of their large size and huge reserve pools of synaptic vesicles (ϳ900,000 in the goldfish terminal; von Gersdorff et al., 1996) . So we wondered if these large reserves might allow bulk uptake to combine with leisurely replenishment of the releasable pool, whereas smaller terminals with smaller reserve pools might rely on the standard clathrin-mediated mechanism. To answer this, we characterized compensatory endocytosis at a mammalian ribbon-containing neuron, the mouse retinal bipolar cell, whose terminal volume and reserve pool is more than 100-fold smaller than that of the goldfish. The small size led us to adopt a fluorescence imaging approach for physiological characterization of the vesicle cycle at individual ribbon-type active zones, using a fluorescent peptide to label ribbons and uptake of FM dyes to mark internalized vesicles. Then, we examined the same cell by EM after photoconversion of internalized dye to determine the ultrastructural basis of compensatory endocytosis.
In this way, we addressed several questions about the endocytotic limb of the vesicle cycle at mammalian ribbontype synapses. First, is excess membrane retrieved at discrete locations within the terminal? If so, are these sites stable over multiple rounds of stimulation? Second, where is membrane recaptured with respect to ribbon-type active zones? Third, is membrane initially recovered in bulk or directly as single vesicles? Fourth, do new vesicles immediately enter the releasable pool? Fifth, does clathrin-mediated retrieval play a role in the vesicle cycle? If so, at what stage in the endocytotic pathway is it involved? The answers to these questions suggest that the size of the reserve pool at a ribbon synapse dictates whether compensatory endocytosis occurs in bulk or leads directly to production of new synaptic vesicles via a clathrin-mediated pathway.
EXPERIMENTAL PROCEDURES Bipolar cell isolation
We used adult male mice of strain C57BL/6J (Taconic, Germantown, NY, USA). Animal use was approved by the Institutional Animal Care and Use Committee of SUNY Stony Brook and was in accord with the United States Public Health Service Policy on Humane Care and Use of Laboratory Animals. The number of animals and their suffering were minimized. A mouse was killed by CO 2 inhalation, and both eyes were removed and hemisected. Neural retinas were detached and cut into six pieces. To isolate bipolar cells, retinal pieces were dissociated by mechanical trituration after papain digestion for ϳ30 min at room temperature (Heidelberger and Matthews, 1992) . Cells were then plated on flame-polished glass coverslips in a solution containing 135 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2.5 mM CaCl 2 , and 10 mM HEPES and briefly washed with the same solution prior to recording. All experiments were done at room temperature.
Electrophysiology
Isolated bipolar cells were identified based on their distinctive morphology (Ghosh et al., 2004) . Cells were voltage clamped using an EPC-9 amplifier controlled by Pulse software (HEKA, Bellmore, NY, USA). Bipolar cell bodies were patch clamped, held at Ϫ60 mV, and dialyzed with a Cs-gluconate solution (120 mM Cs-gluconate, 10 mM TEA-Cl, 20 mM HEPES, 0.2 mM NMDG-EGTA, 3 mM MgCl 2 , 2 mM Na 2 ATP, 0.5 mM GTP) containing 35 M fluorescent peptide (fluor-EQTVPVDLSVARPR-COOH; AnaSpec, San Jose, CA, USA) with affinity for the CtBP2 domain of the synaptic ribbon protein RIBEYE (RIBEYE binding peptide, RBP) (Zenisek et al., 2004) . The extracellular bath solution contained 135 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2.5 mM CaCl 2 , and 10 mM HEPES. The pH of the solution was adjusted to ϳ7.4 with NaOH.
Confocal imaging
All fluorescence images were acquired using an Olympus FV-300 laser-scanning confocal microscope and Fluoview software (Olympus, America, Center Valley, PA, USA). The fluoresceintagged peptide and FM4-64 labeling were sequentially scanned to reduce channel crosstalk. Coordination with the patch-clamp amplifier and programming of sequences of image acquisitions were accomplished using Tiempo software extension to Fluoview (Olympus America, Center Valley, PA, USA). Subsequent analysis and processing of images was carried out in Fluoview, ImageJ (http://rsbweb.nih.gov/ij/), or Igor Pro (WaveMetrics, Lake Oswego, OR, USA) software.
Visualizing retrieval sites
FM4-64 (20 M; Invitrogen, Carlsbad, CA, USA) was focally applied to cells exposed to 80 mM high K ϩ . To label a small fraction of vesicles, FM4-64 was focally applied to voltage-clamped cells, and a 250 ms depolarizing stimulus was given after achieving asymptotic intensity of FM4-64 fluorescence in the plasma membrane. Approximately 12 s after the onset of stimulation, Advasep-7 (Biotium, Hayward, CA, USA) was puffed onto the cell to quickly remove plasma membrane fluorescence, leaving behind trapped dye only. To detect sites of retrieval over multiple rounds of stimulation, FM4-64 internalized on a previous round was photobleached by increasing the 543 nm laser intensity to 100% for ϳ5 s. Dynasore, when used, was diluted to 80 -90 M in 0.16% DMSO. Cells were exposed to dynasore for ϳ5 min prior to stimulating cells with high K ϩ in the presence of FM dye. Control cells were exposed to 0.16% DMSO.
Fixation, photoconversion, and electron microscopy
For EM, cells were plated on Aclar instead of glass coverslips and were stimulated in the presence of FM1-43 (5 M; Invitrogen) or AM1-43 (5 M; Biotium). Cells were washed and lightly fixed in 4% paraformaldehyde (PAF) and 0.2% glutaraldehyde in 0.13 M PB (phosphate buffer)at room temperature for 30 min, then bathed in diaminobenzidine (DAB) for 10 min. Photoconversion was achieved by illuminating with high intensity blue light through a 50x objective for 20 min in the presence of diaminobenzidine. Cells were washed and fixed with 2.5% PAF and 2.5% glutaraldehyde in 0.13 M PB for 30 min at room temperature, then processed for EM as previously described (Paillart et al., 2003) . Uranyl Acetate and Lead Citrate, typically used to stain the sections, were omitted to preserve the contrast between labeled and unlabeled vesicles, unless otherwise noted (Brumback et al., 2004) .
Immunolabeling isolated neurons
Cells were isolated as usual and plated on glass coverslips. They were fixed with 4% PAF for 15 min at room temperature then bathed in 0.3% Triton X-100 for 30 min at room temperature. Cells were subsequently incubated in primary antibody for 1.0 h 15 min and then in secondary antibody for 1.0 h at room temperature. Primary antibody: Mouse monoclonal against dynamin-1 (1:250; BD Biosciences, Franklin Lakes, NJ, USA). Secondary antibody: Goat anti-mouse conjugated to AlexaFluor 546 (1:200; Jackson ImmunoResearch, West Grove, PA, USA).
Data presentation
Data in the text are presented as meanϮ1 standard error of the mean, and statistical significance in pairwise comparisons was assessed using two-tailed t-tests with unequal variance.
RESULTS

"Hot spots" of membrane retrieval
To detect sites of membrane retrieval, we depolarized single bipolar cells by focally applying the styryl dye FM4-64 in high K ϩ for several seconds. Approximately 12 s after the onset of stimulation, the cells were washed with a dye-free external solution containing Advasep-7 to eliminate plasma membrane fluorescence. Trapped FM4-64 was confined to the synaptic terminals and the adjacent axon (Fig. 1A) , and was located discretely, suggesting that endocytosis occurred at distinct sites along the plasma membrane (Fig. 1B) . To determine whether recovered membrane redistributes throughout the cytosol or remains concentrated near the initial retrieval sites, we imaged the same terminals 5 min after application of Advasep-7 (Fig. 1B, right panel) . The fluorescent spots were spatially stable over this interval, indicating that populations of recovered structures remained relatively close to their respective retrieval sites (Fig. 1C) .
Are sites of endocytotic activity consistent over multiple stimuli? To address this question, we depolarized individual cells with focal superfusion of high K ϩ plus FM4-64 and then washed with Advasep-7 to reveal the location of trapped fluorescence ( Fig. 2A, top panel) . Then, we bleached the FM4-64 fluorescence by exposing the cells to high intensity 543 nm laser light. The cells were then stimulated a second time with high K ϩ plus FM4-64, and after 12 s, they were washed with Advasep-7 ( Fig. 2A, bottom panel) . The spatial fluorescence patterns produced by each stimulus were highly correlated, indicating that sites of activity-dependent endocytosis are consistent over at least two rounds of stimulation (Fig. 2B, C) . Although the stimuli were separated by minutes, and the calcium currents remained comparable in amplitude, the increase in fluorescence after the second stimulus was on average ϳ30% less than after the first.
Membrane retrieval occurs near synaptic ribbons
In Figs. 1, 2, we showed that excess membrane inserted during exocytosis is retrieved at distinct sites along the membrane. Are these retrieval sites spatially related to "hot spots" of vesicle fusion? In retinal bipolar neurons, many of the exocytotic active zones are marked by the presence of synaptic ribbons (LoGiudice et al., 2008; Zenisek, 2008; Midorikawa et al., 2007) . Therefore, by marking synaptic ribbons with a fluorescent peptide, and labeling recycling membrane with FM4-64, we could visualize the vesicle cycle with respect to individual active zones in the living cell (LoGiudice et al., 2008) . To directly assess whether trapped dye concentrates near ribbons, cells were bathed in high K ϩ and FM4-64 for 90 s and then washed with Advasep-7 to remove excess membrane staining. Subsequently, cells were dialyzed, via whole-cell patch pipette, with a fluorescent peptide that binds to the ribbon protein RIBEYE (RBP). Sequential confocal scanning revealed that trapped FM dye concentrates near synaptic ribbons within minutes of membrane recovery (Fig. 3A) .
To resolve the position of retrieved membrane within ϳ15 s of stimulus onset, cells were patch-clamped and dialyzed with the fluorescent peptide prior to introducing FM4-64 into the bath (Fig. 3B) . The dye was then focally applied to a voltage-clamped neuron, and after achieving asymptotic intensity of FM4-64 in the membrane, the cell was presented with a 250 ms depolarizing pulse. FM4-64 was removed from the bath ϳ12 s after stimulation, and Advasep-7 was puffed onto the cell to remove residual external dye, leaving the fluorescence trapped in endosomes that were internalized during the post-stimulation interval (Fig. 3B, C ). Similar to prolonged stimulation with high K ϩ , a single, short depolarization produced an increase in FM4-64 fluorescence at discrete locations within the synaptic terminals. The resulting spatial fluorescence profile of synaptic ribbons and FM4-64 fluorescence reveals that sites of membrane retrieval are highly correlated with the location of exocytotic active zones in the axon and axon terminals (Fig. 3D) .
To compare the percent of the total fluorescence that is retrieved near and away from ribbons, the average FM4-64 fluorescence per pixel was measured within 750 nm of the plasma membrane in all regions of the terminal cluster, including ribbon and non-ribbon locations. This provided a normalization factor for the overall brightness of a particular cell. Then, the fluorescence per pixel was measured in a square 0.75ϫ0.75 m region of interest centered on a synaptic ribbon, defined by punctate RBP staining, and compared to the fluorescence per pixel at non-ribbon locations. The total area away from ribbons was approximately twice that of the area containing synaptic ribbons. The data graphed in Fig. 3E show that across 10 cells containing 113 synaptic ribbons, the fluorescence per pixel at ribbons was 218Ϯ18% of the average fluorescence per pixel for the entire terminal, but at non-ribbon locations the fluorescence per pixel averaged 46Ϯ6% of the total fluorescence per pixel (PϽ0.001). The result indicates that the primary sites of com- pensatory endocytosis are located near ribbon-type active zones.
Evidence for direct retrieval of synaptic vesicles
Following brief or sustained stimulation, compensatory endocytosis in goldfish bipolar cell terminals relies heavily on bulk membrane retrieval (Paillart et al., 2003; Holt et al., 2003) . In mouse bipolar cells however, single vesicles, not large endosomes, are most frequently labeled with FM1-43 after prolonged stimulation (LoGiudice et al., 2008) . To clarify further whether membrane is retrieved in large bites or as single small vesicles, we depolarized cells that were exposed to FM1-43, fixed, photoconverted, and prepared them for EM. In strongly stimulated terminals that were repetitively depolarized with local superfusions of high K ϩ over the course of 5 min, the majority of photoconverted product was contained within single vesicles with a mean diameter of ϳ33 nm (Fig. 4A, F) , which is the same as the average diameter of synaptic vesicles in mouse bipolar cell terminals (LoGiudice et al., 2008) . In total, ϳ20% of vesicles were labeled after 5 min of repetitive stimulation with high K ϩ , including a subset that recycled back to synaptic ribbons (LoGiudice et al., 2008) . To examine retrieval after brief stimulation, cells were patch-clamped and fixed following a single 250 ms depolarizing voltage-clamp pulse. After brief depolarization, photoconverted product also localized to structures with a size distribution equivalent to that of synaptic vesicles (Fig. 4E, F) . A single 250 ms stimulus resulted in the labeling of ϳ5% of the total vesicle population, and even with such brief stimulation, a small number of labeled vesicles appeared to be associated with synaptic ribbons (Fig. 4D) , suggesting immediate entry of at least some recently recycled vesicles into the releasable pool.
The immediate appearance of labeled synaptic vesicles in the releasable pool argues for direct production of vesicles during endocytosis, rather than bulk membrane retrieval of large endosomes that later give rise to synaptic vesicles, as was described in goldfish bipolar neurons (Paillart et al., 2003; LoGiudice and Matthews, 2007) . To examine this in more detail, we depolarized cells with superfusion of high K ϩ and then fixed during the stimulus to capture the early phases of membrane retrieval. By EM, the plasma membrane of these neurons was crenellated, with numerous omega-shaped invaginations that are similar in size to synaptic vesicles (Fig. 4B, C) . Large invaginations were not observed budding from the plasma membrane and labeled cytosolic structures were equivalent in size to synaptic vesicles. Both the invaginations at the plasma membrane and the internalized endosomes were confined to single thin sections in a series, indicating that they are unlikely to be part of larger tubular endosomes. The results suggest that under both strong and weak stimulus conditions, the principal mechanism of endocytosis in mouse bipolar neurons involves the retrieval of small vesicles similar in size to synaptic vesicles, rather than large endosomes.
Evidence for clathrin-mediated retrieval
A candidate mechanism for such direct retrieval of small vesicles is clathrin-mediated endocytosis, which involves the formation of coated pits and coated vesicles that can be recognized in EM images. However, in the experiments using photoconverted FM dye to label vesicles, presented above, we omitted staining of sections with Uranyl Acetate and Lead Citrate in order to preserve the contrast between labeled and unlabeled vesicles. As a result, the low contrast of the unstained sections made it difficult to detect clathrin coats on nascent endocytic profiles in stimulated terminals. Therefore, to better distinguish clathrin cages, we fixed cells in the absence of FM dye and changed our EM protocol to include Uranyl Acetate and Lead Citrate staining of the EM sections. In this material, coated pits and coated vesicles with the classical appearance of a clathrin lattice were commonplace in stimulated terminals and were frequently detected near synaptic ribbons (Fig. 5) . From this, we conclude that clathrin is likely to be involved in the initial stages of retrieval in mouse bipolar neurons, similar to synaptic vesicle recycling at conventional synapses.
The GTPase dynamin is thought to play a crucial role in the pinching off of clathrin-coated pits from the plasma membrane to form internalized coated vesicles (Koenig and Ikeda, 1989; Takei et al., 1998; Sweitzer and Hinshaw, 1998; Henley et al., 1999) . To determine if dynamin is enriched in synaptic terminals of mouse bipolar cells, we immunolabeled isolated cells using an antibody against dynamin-1. We found intense dynamin immunostaining specifically in the synaptic terminals (Fig. 6A) , which is consistent with our EM evidence suggesting an important role for clathrin-mediated endocytosis in membrane retrieval after bouts of exocytosis. To obtain functional evidence that the high level of dynamin at the mouse bipolar cell synapse is important for synaptic vesicle endocytosis, we used the dynamin inhibitor dynasore (Macia et al., 2006) , which has previously been shown to strongly block endocytosis at synapses of cultured hippocampal neurons (Newton et al., 2006) . In bipolar cell terminals that were exposed to 80 M dynasore prior to and during stimulation, FM4-64 fluorescence remained associated with the plasma membrane of the terminal (Fig. 6B) , whereas control cells from the same preparation showed the normal pattern of dye internalization (Fig. 6C) . This is consistent with inhibition by dynasore of the scission stage of endocytosis. Curiously, however, the plasma membrane of dynasoretreated terminals continued to fluoresce 8 -10 min after removing the dye from the bath (Fig. 6B) . By contrast, unstimulated control terminals treated similarly lost plasma fluorescence within seconds after removing external FM dye, as expected from the rapid exit of the dye from the external membrane leaflet. The fact that dynasore-treated terminals did not similarly destain indicates that the FM dye was trapped in an internalized compartment, yet remained close to the plasma membrane.
To identify the basis of the trapped, membrane-associated fluorescence, cells that were stimulated in the presence of AM1-43 and dynasore were fixed and photoconverted approximately 3 min after stimulation, and then prepared for EM. Ultrastructural inspection uncovered a likely explanation for the unusual dye retention near the plasma membrane. Much of the AM1-43 photoproduct was contained within membrane-bound structures that appeared to be arrested in the budding phase of retrieval (Fig. 6D ) and sometimes remained connected to the plasma membrane via a thin neck (examples are shown in the inset of Fig. 6D ). No similar labeled structures were observed in the cell body of stimulated, dynasore-treated bipolar neurons (Fig. 6E ) or in the axon (not shown), which indicates that the membrane-associated structures are specifically related to membrane retrieval at the synapse. In dynasore-treated terminals fixed 3 min after stimulation, there were 0.71Ϯ0.10 labeled vesicles per m of terminal perimeter that were attached to the plasma membrane (15 terminals in six thin sections from two cells), but in control cells exposed only to DMSO, the average number of labeled vesicles associated with the membrane was 0.1Ϯ0.04 vesicles per micrometer of terminal perimeter (seven terminals in five thin sections from two cells; PϽ0.0005). Therefore, dynasore inhibits the complete internalization of vesicles during compensatory endocytosis at the synapse, but apparently at a stage after the interior of the endocytosed vesicle is no longer connected to the extracellular space. Otherwise, the dye would not have been trapped, and the vesicles would not have been marked with dark photoproduct.
In addition to the synaptic vesicle-like structures attached to the membrane, larger endocytic structures were also observed to be associated with the membrane in dynasore-treated terminals. Fig. 6F , G show EM images of terminals that were stimulated in the presence of AM1-43 and dynasore, and then fixed and photoconverted 3 min later. Larger, irregular structures appeared near the membrane in dynasore-treated terminals, and these complex structures also contained photoproduct from AM dye that did not destain during the 3 min interval between dye removal and fixation. In stimulated terminals exposed to dynasore, the density of large labeled endosomes (Ͼ100 nm in the longest dimension) was 0.59Ϯ0.13/m 2 2 (15 terminals in six thin sections from two cells), compared with 0.09Ϯ0.09/m 2 in DMSO control cells (seven terminals in five thin sections from two cells; PϽ0.03). The formation of these large endosomes may also reflect inhibition by dynasore of the normal process of budding and pinching off membrane in bites the size of synaptic vesicles.
The overall density of labeled endosomes of all sizes was not significantly different in dynasore-treated and control terminals (control: 8.4Ϯ2.5/m 2 ; dynasore: 13.4Ϯ 1.9/m 2 ; Pϭ0.14). Therefore, dynasore does not block endocytosis per se in mouse bipolar cell synapses, but seems to arrest the process of complete separation from the plasma membrane and release of newly formed vesicles.
DISCUSSION
Direct recycling vs bulk endocytosis
We have found that mouse bipolar cell terminals retrieve the membrane added during neurotransmitter release by direct recovery of small vesicles. Furthermore, recently recycled vesicles were found to be associated with synaptic ribbons, even after brief stimulation with a single voltage-clamp depolarization, which indicates that at least some newly retrieved vesicles are reused quickly in mouse bipolar cells. This scheme contrasts with goldfish bipolar cells and frog saccular hair cells, where membrane is recovered largely by means of bulk retrieval (Lenzi et al., 2002; Holt et al., 2003; Paillart et al., 2003) , possibly operating in parallel with clathrin-dependent endocytosis (Jockusch et al., 2005) . The large endosomes resulting from bulk endocytosis in goldfish bipolar terminals appear to arise first after stimulation and then later give rise to synaptic vesicles (LoGiudice and Matthews, 2007) . However, the direct route of compensatory endocytosis we observed in mouse bipolar cells more closely resembles endocytosis in synapses containing conventional active zones, such as retinal amacrine cells (Paillart et al., 2003; LoGiudice and Matthews, 2007) and hippocampal neurons (Granseth et al., 2006) .
Why are different endocytic mechanisms used in terminals of goldfish vs. mouse bipolar neurons? Perhaps the key is simply the relative volume of the synaptic terminals, and hence the size of the pool of preformed synaptic vesicles held in reserve. For comparison, Fig. 7 shows examples of isolated mouse and goldfish bipolar neurons, filled with fluorescent RBP to reveal cell shape and mark ribbons in the terminals. In agreement with reconstructions of bipolar neurons from EM images of serial sections of mouse retina (Tsukamoto et al., 2001) , dissociated mouse bipolar cell somata are ϳ5 m in diameter, and their synaptic endings consist of a spray of small boutons 1.5-2.5 m in diameter (Fig. 7A, C) . In contrast, goldfish bipolar cell bodies are Ͼ10 m in diameter, and their bulbous terminals are 10 -14 m across (Fig. 7B, D) . The giant terminals of goldfish bipolar neurons contain up to 900,000 synaptic vesicles (von Gersdorff et al., 1996) , which is Ͼ100-fold more than in single terminals of mouse bipolar cells. Therefore, mouse bipolar cells depend more strongly on immediate resupply of new synaptic vesicles to maintain the pool of releasable vesicles, while goldfish bipolar cells can rely on their large pool of pre-existing vesicles to replenish the releasable pool.
Comparison of the degree of labeling of the total vesicle population after stimulation of the 2 cell types supports this interpretation. We found here that even a single 250 ms depolarization under voltage clamp labels ϳ5% of the total vesicle population in mouse bipolar cell terminals, but in goldfish terminals, repetitive stimulation for Ͼ10 min with dozens of calcium action potentials-each lasting ϳ200 ms (Zenisek and Matthews, 1998 )-caused labeling of only ϳ10% of the total vesicle pool (Paillart et al., 2003) . This demonstrates directly that immediate recycling of synaptic vesicles is more significant for the small terminals of mouse bipolar cells than the large terminals of goldfish bipolar cells.
Immediate recycling of synaptic vesicles, without bulk retrieval, also occurs in ribbon synapses of cone photoreceptors from lizard retina (Rea et al., 2004) , even though these terminals contain large numbers of vesicles (ϳ250,000; Rea et al., 2004) , much like goldfish bipolar cell terminals. Why, then, do cones not use the more leisurely approach to vesicle retrieval that appears to be used in goldfish bipolar neurons? In darkness, cones are depolarized and have a high rate of ongoing vesicle release, which is reduced in a graded manner to encode light intensity during illumination (Choi et al., 2005) . However, ON-type bipolar cells, like the giant-terminal cells of goldfish, produce a transient burst of release at the onset of depolarization, followed by slower sustained release (von Gersdorff et al., 1998; Singer and Diamond, 2003) . Therefore, cones have unusually high demand for vesicle resupply compared to bipolar cells, and their synaptic terminals are specialized in a number of ways to ensure that high release rates can be sustained in darkness. For example, synaptic ribbons in photoreceptors are much larger than in bipolar neurons (Sterling and Matthews, 2005) , and they tether many more immediately releasable vesicles. In addition, nearly all of the large stock of vesicles in cone terminals are rapidly mobile and participate in the vesicle cycle (Rea et al., 2004) , so cones have only a small pool of vesicles held in reserve. So, we suggest that in addition to terminal size, the requirements for continuous release can also dictate the use of an immediate recycling scheme in ribbon synapses.
Clathrin-mediated endocytosis
Retrieval of single synaptic vesicles is mediated by a clathrin-dependent pathway in conventional synapses (Takei et al., 1996; Shupliakov et al., 1997; Granseth et al., 2006) , and in keeping with this mechanism, we frequently observed coated vesicles budding from the plasma membrane in mouse bipolar cell terminals following stimulation. Also, we found that the dynamin inhibitor, dynasore, modified the endocytotic process. Ultrastructural examination of dynasore-treated terminals revealed AM1-43-labeled structures the size of synaptic vesicles that were suspended in the budding phase of endocytosis, indicating a role for dynamin in the recovery of membrane added during synaptic exocytosis. In addition, some labeled vesicles that were fully internalized were also observed in terminals exposed to dynasore, which may indicate that block of dynamin by dynasore was incomplete in our experiments. Alternatively, the fully internalized vesicles in the presence of dynasore may reflect a dynamin-independent form of endocytosis operating in parallel, such as the mechanism described at the rat calyx of Held by Xu et al. (2008) .
The incidence of large, pleiomorphic invaginations attached to the membrane also increased significantly in cells exposed to dynasore. What process might give rise to these structures? Synaptic terminals possess multiple mechanisms of endocytosis in addition to clathrin-dependent retrieval of single vesicles (Miller and Heuser, 1984 ; for reviews see Matthews, 2004; Rizzoli and Betz, 2005; Cousin, 2009; Dittman and Ryan, in press ). One possibility is that the large invaginations in the presence of dynasore reflect a separate form of endocytic retrieval that is revealed when clathrin-dependent endocytosis is inhibited. In conventional synaptic terminals of cultured cerebellar granule cells, activity-dependent bulk retrieval is triggered rapidly in response to strong stimuli (Clayton et al., 2008) , which cause sufficient exocytosis to overwhelm the limited capacity of the clathrin-mediated pathway. Furthermore, this form of bulk endocytosis also depends on dynamin GTPase activity, because it is inhibited by dynasore (Clayton et al., 2009), which induces formation of tubular structures similar to those we observed. In our experiments, the large structures remained attached to the membrane in the presence of dynasore, which suggests that full retrieval of the bulk endosomes is also dynamin-dependent in bipolar cell terminals. This is also consistent with the build-up of tubular invaginations of the plasma membrane at synapses of dynamin-1-knock out mice (Ferguson et al., 2007; Hayashi et al., 2008) . These intriguing similarities suggest that the pleiomorphic invaginations in the presence of dynasore arise from the same process of activity-dependent bulk endocytosis characterized by Clayton et al. (2008 Clayton et al. ( , 2009 ) in conventional synapses. An alternative explanation, however, is that excess membrane is simply unable to pinch off when clathrin-mediated endocytosis is inhibited and accumulates in some instances beneath the surface, resulting in the formation of large invaginations without requiring a separate clathrin-independent pathway.
Mechanisms regulating the balance between bulk and clathrin-mediated endocytosis
How might the balance be tilted toward clathrin-mediated endocytosis at small ribbon terminals, but toward bulk endocytosis at large ribbon synapses? The answer is not yet clear, and a wide variety of factors could regulate endocytic pathways (see Dittman and Ryan, in press , for a recent review). Nevertheless, an important player in the choice of endocytosis mechanisms at a given synapse under particular stimulation conditions may be the GTPase dynamin, which is involved in both clathrin-mediated retrieval of single vesicles (Koenig and Ikeda, 1989; Takei et al., 1998; Sweitzer and Hinshaw, 1998; Henley et al., 1999) and activity-dependent bulk endocytosis (Clayton et al., 2009 ). Several molecular interactions are known to influence dynamin's participation in endocytosis, including calcineurin-mediated dephosphorylation, which is required for the dynamin-syndapin interaction implicated in bulk retrieval (Clayton et al., 2009) . Therefore, dynamin might serve as a dephosphorylation-dependent trigger for alternative retrieval mechanisms in response to increased presynaptic calcium, which serves as an index of exocytotic load.
In addition, clathrin-mediated compensatory endocytosis at synapses may be saturable at moderate exocytotic loads, perhaps because of limited availability of molecular components of the clathrin pathway, including dynamin. This notion has led to the suggestion (e.g., Rizzoli and Betz, 2005 ) that bulk endocytosis may be an "emergency response" observed only with stimulation that exceeds the ability of clathrin-mediated endocytosis to keep up. However, at the giant ribbon synapses of goldfish bipolar cells, bulk endocytosis is observed after brief stimulation with single calcium action potentials (Paillart et al., 2003 ; also see re-analysis presented in LoGiudice and Matthews, 2007) , and it is the fast component of endocytosis that remains after blockade of clathrin-dependent endocytosis (Jockusch et al., 2005) . This is consistent with bulk retrieval being a normal, rapid component of compensatory endocytosis at this synapse. We also point at that, if anything, the exocytotic load is greater as a proportion of plasma membrane surface area in the smaller terminals of mouse bipolar cells, which have ϳ8 ribbons per terminal (LoGiudice et al., 2008) and a terminal surface area of 10 -20 m 2 . By comparison, bulbous terminals of goldfish bipolar cells have ϳ60 ribbons (von Gersdorff et al., 1996) but a surface area of 300 -500 m 2 . Because endocytosis seems to be local (see below), each ribbon can be considered to a first approximation to behave as an exocytotic/ endocytotic unit, and thus there is no reason to suppose that the load imposed on compensatory endocytosis is greater in the large terminals of goldfish bipolar cells. We suggest, then, that the use of direct vs. indirect recycling mechanisms at morphologically distinct ribbon synapses is likely to depend on differences in molecular components and/or signaling mechanisms, rather than simply the load imposed by the amount of exocytosis.
Endocytosis occurs at hot spots near ribbons
In our experiments, we have also addressed several questions about the location of compensatory endocytosis in mouse bipolar cells. First, compensatory membrane retrieval, visualized with FM4-64, occurs at discrete locations within axons and synaptic terminals. By optically tracking FM dye over time, we showed that recaptured membrane remains concentrated near retrieval sites over the course of several minutes. Moreover, sites of membrane retrieval were consistent over multiple rounds of endocytosis, indicative of endocytotic "hot spots" in mouse bipolar cell synaptic terminals.
Second, the hot spots of compensatory retrieval are spatially correlated with the position of synaptic ribbons, a structural hallmark of exocytotic active zones in bipolar neurons (LoGiudice et al., 2008; Zenisek, 2008) . Previously, EM images in photoreceptor cells and hair cells supported the idea that excess membrane inserted during fusion is locally recycled near synaptic ribbons. In cone and rod photoreceptors, retrieved vesicles appeared to form on the membrane lateral to synaptic ribbons (Gray and Pease, 1971; Sterling and Matthews, 2005) , and in frog hair cells, elongated omega profiles and clathrincoated pits were observed adjacent to synaptic bodies (Lenzi et al., 1999) . However, the sites of membrane retrieval had not been directly visualized in living ribbon synapses. By concurrently visualizing fluorescently labeled synaptic ribbons and FM4-64 uptake in living neurons, we have shown that sites of endocytosis are indeed related to synaptic ribbon locations and hence, active zones. This is analogous to the layout of retrieval sites in the neuromuscular junction, where sites of vesicle fusion and endocytosis are closely associated in space (Teng et al., 1999; Teng and Wilkinson, 2000) . Thus, local recycling at active zones is a shared feature of conventional and ribbon-type synapses. As at conventional synapses, no ultrastructural specializations are apparent at ribbons that would restrict endocytosis to the regions near the ribbon, so the local nature of retrieval at ribbons may simply reflect the high efficiency of endocytosis in recovering vesicle components from the plasma membrane near the site of fusion.
